Introduction
One of the crucial issues for ITER or DEMOs is to avoid large heat pulses on divertor plates induced by type-I ELMs [1] . It is preferable to run the machines in operation scenarios in which ELMy H-mode does not appear naturally, such as Quiescent H-mode. So far, such an operational scenario applicable to the ITER is not well established. On the other hand, several methods to eliminate or mitigate the type-I ELM are proposed: a supersonic molecular beam injection, a pellet inection, an injection of RF wave, an utilization of MHD, an utilization of magnetic pertubation (These are comprehensively reviewed in Ref. [2] ). To apply the method using magnetic pertubation to ITER, an ELM control coil system is planned to be installed in ITER.
However, the perturbed field breaks an axisymetric nature of a tokamak plasma and it is considered that the non-axisymmetric field or three dimentional (3D) field could deteriorate fast ion confinement. One of well-known 3D field is a toroidal field (TF) ripple. Actually, the perturbed field by the ELM control coil could be comparable to or even larger than the TF ripple. The effect of the ELM coil field in ITER on fast ions was studied by using orbit following Monte-Carlo code (OFMC) [3, 4] . The study revealed that ELM coil field could deteriorate fast ion confinement or increase heat load on the divertor and its non-heat-resistance components. This is a result somewhat contradict to the original purpose of the perturbed field, which is a reduction of heat load on the divertor.
The previous our studies [3, 4] were based on the calculation using the so-called "vacuum field", which was produced by the ELM coil alone. It is said that the externally appllied ELM coil field could be affected by the plasma response. The knowledge on fast ion behavior in the perturbed field affected by the plasma response is limited to specific cases. It is a hot topic to know how the plasma response to change the perturbed field and its effect on fast ion behavior.
As mentioned above, one of the important fast ion responses is the heat load, especailly localized heat loads, on plasma facing components (PFCs) includig the divertor structure. The previous heat load studies indicated the 3D dependence of the heat load on the 3D shape of PFCs as well as the 3D nature of a magnetic field [5] [6] [7] [8] [9] [10] . The plasma response might induce an unfavorable heat load pattern or vice versa in a certain plasma condition in an actual device.
Here, we compared the fast ion behavior and heat load on the PFCs in a several cases of magnetic field, including the case where the plasma response was taken into account, in an actual geometry using the KSTAR device. The KSTAR calls the ELM control coil system as the resonant magnetic perturabation (RMP) coil system. Thus, from now on in this paper, we call the coil as the RMP coil.
The paper consists of as follows: the calculation setup is described for the KSTAR at first. Then, the charactertistics of adopted magnetic field are described and compared. In this study, the magnetic field with plasma response effects included was calculated using HINT2 code, which is a 3D MHD equilibrium calculation code. After that, the calculation results for fast ion beharivor are presented. Then, the charactertistics of escaping fast ions are discussed. We have noticed that even co-going passing ions can be ejected directly. We also have reconfirmed that the importance of the OFMC calculation using the actual geometry of PFCs and neutral beam injector (NBI). At last, we will sumarize the paper.
Calculation setup
The calculation was carried out in the plasma parameter of Bt =1.91 T at 1.8m in the clockwise direction, Ip = 600 kA in the clockwise direction. The 2D plasma equilibrium is depected in Fig 1 along with the wall shape metioned later. So far the plasma profiles are available in the limited discharges. Here, the assumed profiles for a H-mode plasma depected in Fig 2 were adoped. As a comparison, we also prepared profiles for an L-mode.
OFMC and HINT2 codes
The OFMC code follows the orbit of guiding centers of test particles with taking into account collisions with a thermal plasma, which can allow the code to evaluate the energy transfer and torque input as well as the slowing-down of fast ions [11] . The code introduces a gyro motion when the distance between the guiding center and the wall is less than a specified value, which is typically set to 1.0 times the gyro-radius estimated from a particle energy, in order to appropriately determine the hit point of the particle on a PFC. The gyro-phase is randomly chosen at the time when the gyro motion is introduced. The code has been validated in the JT-60U, JFT-2M, JET and DIII-D [5, 6, 12] . In this study, 400 k test particles were followed.
The HINT2 code is a 3D MHD equilibrium calculation code. The code solves the following equations of motion iteratively until the solution reaches the equilibrium condition of ∂ / ∂t = 0. Namely, the HINT2 code takes into account non-linear MHD responses of a plasma and can evaluate its saturated response in contrast to the codes which only investigate the linear response. In the calculation, the nested flux surface structure or specific mode number is not assumed [13] . B ⋅ ∇p = 0 : the relaxation of plasma pressure !
: the relaxation of magnetic field That 3D plasma response was taken into account through the plasma current flowing along 3D field lines, which drives perturbed field. For the proper modeling of plasma response, the kinetic profile is important. However, the profile data for electron, ion temperature and electron density were limited in KSTAR. In this study, we assumed the kinetic profile.
Plasma facing components
The "first wall" is mostly characterized by stablizing plates with a wide opening around the mid-plane region in the low-field side. Here, we refer to the wall shape as a "standard wall" shape. The standard wall was modelled as shown in Fig 1(a) . In addition to this standard wall, there are mainly two types of wall shape as obstacles for fast ions: limiters and a fast ion loss detector (FILD). Their models were built for the calculation as shown in Fig 1(b) and (c), respectively. The FILD rod structure and limiters were represented by a structure with a wedge shape in the toroidal direction. Three limiters are installed at the toroidal locations of ϕ = 291.75, 316.75, and 336.75 deg. (Fig. 3) . The FILD is installed at the toroidal location of toroidal angle, ϕ = 33.75 deg.
Birth of test particles to simulate NB ions
The previous calculation for ITER suggest a key loss mechanism in the perturbed filed by ELM coils is prompt loss. Thus, in order for this simulation to correctly calculate a heat load pattern due to the prompt loss, the geometrical relation between the PFCs and a fast ion birth position is important. The fast ions are produced by neutral beam (NB) injectors in KSTAR. The geometry of NB injectors is reflected. The particles with the beam energies of E acc , E acc /2 and E acc /3 are generated with the power ratio of 80%, 16%, and 4%, respectively for E acc = 90keV. The set of variables of ( R tip / R axis , ⌢ P ϕ ) is a good indicator to categorize particle orbits into a trapped orbit or a passing orbit.
R axis is the magnetic axis of the plasma, momentum, and R tip represents the radial position of banana tips in the case when the orbit draws the banana orbit [14] . When the set of ( R tip / R axis , ⌢ P ϕ ) lies above the curve of the poloidal flux and below zero, the corresponding particle is trapped. From the analysis of these variables, NB ions are deeply co-passing particles at birth in KSTAR.
Characteristics of Magnetic field
The magnetic field along which charged particles follow consists of a field by toroidal field coils (TFCs) and a poloidal field based on a two dimensional equilibrium in the case when the RMP field is not applied. In the vacuum field approximation, the field evaluated from the information of the geometry and current configuration of ELM coils is just added to the field determined by toroidal field and the field by equilibrium.
The RMP coil model is represented in Fig. 4 (a) . The coils consist of four sets in the toroidal direction. In the each set, the coil currents flow so that cables serve as 3 x 4 loop coils as shown in a schematic diagram in Fig. 4 (b) . Figure 4 (b) also represents the current configuration which is adopted in this study. This current configuration creates a manetic configuration with an n=1 and +90 degrees phase. In this configuration, the ELM suppression was observed in KSTAR [15] . The magnetic filed with plasma response effects included is calculated by using the HINT2 code. The HINT2 code starts its non-linear calculation using the above vacuum field by TFCs, poloidal fields by a two dimensional equilibrium and the vacuum RMP field as an initial value. The OFMC calculations were carried out for four cases: using the magnetic field without the RMP field (I), with the RMP field in the vacuum approximation (II), and with the field calculated with the plasma response. As for the field with the plasma response, we investigated the effect of plasma profiles (Fig 2) for the H-mode (III) and the L-mode (IV). In Figs. 5 and 6, the magnetic field variation is compared for these cases. For each case, the toroidal field variation, (-a), and radial field variation at just the inside of the separatrix, (R, Z)=( 2.05 m, 0.6 m), (-b), are plotted. The positions are depicted in Fig. 1(a) . In the figures of (II)-(IV), we can see the n=1 structure as well as the TF ripple of n=16. The amplitude of RMP is 1.5 to 2 times larger than that of the TF ripple. field pattern directly reflects the geometry of the RMP coils in the case of the vacuum approximation, (II). Square shape structures can be seen. On the other hand, we can notice the fact that the n=1 structure becomes more clear and smoother in the magnetic field calculated by the HINT2 code. The n=1 structure expands to the high field side. Note that the HINT2 code does not artificially pick up a paricular mode structure as a preprocess.
Response of NB ions
Loss particle distribution and heat load distribution are plotted in Fig 7. In the case without the RMP field, namely the case of TF ripple alone, the NB ions are well confined due to its low TF ripple amplitude and the birth distribution of NB ions as mentioned above. Most of loss particles hit three limiter wall structures. The largest heat load on the limiters is observed on the limiter at ϕ = 336.75 deg. This is reasonable since particles going in the co-direction to the plasma current run the outer path of a banana orbit.
Loss particles increased dramatically when the RMP field was applied even though the amplitude of magnetic perturbation itself was comparable to that of the TF ripple. The n=1 I-IV) . The red or blue indicates the position of the loss particle which lies in the high or low field side relative to the magnetic axis, respectively. The co-toroidal direction to the plasma current and the toroidal field is also depicted in (I-b) structure can be seen in the loss pattern on the "standard wall". The loss pattern reflects the pattern of B n shown in Fig. 6 (-b) as well as the poloidal shape of the wall. This indicates the bending of the field line toward PFCs resulted in the increase of the heat load. The RMP even modifies the heat load distribution on the limiters. The heat load is largest on the limiter at ϕ = 291.75 deg in the case of RMP in the vacuum field approximation, (II).
One of the concerns on the application of the RMP in the ITER is a heat load on non-heat-resistance components under the divertor structure. We can observe loss particles in the diverter region, in the poloida angle of around -120 degrees, when the RMP is applied. The loss is even observed in the upper diverter region of the poloida angle of around 95 degrees though the plasma is a lower single null configuration. However, the heat load in the divertor region is not large in the case of KSTAR. The most loss particles hit the limiter structures.
The heat load distribution is more localized with the HINT2 than that in the vacuum approximation, reflecting the sharper n=1 magnetic perturbation. The heat load distribution is shifting toroidally around the poloidal angle of +/-60 degrees, corresponding to the shift in the magnetic field variation. But the most of the heat load still appears on the limiters Fig 8 (-a) represents the temporal evolution of accumulated loss power fration. The loss within 5 ms, which can be categorized in prompt loss, is ~15% for case (II), ~40% for case (III) and ~60% for case (IV) while it is less than 5% in the case of the TF ripple alone (I). Fig 9 represents the birth distribution of loss particles. The loss of particles generated in the high field side (HFS), R~1.45m, and well inside the plasma, ψ~ 0.55, is observed. The loss of such particles much increased when the RMP is applied. The loss of fast ions generated in this region were not obsreved in the previous calculation for ITER. In the case of the ITER, escaping ions were originated from its edge region [4] .
We have investigated the behavior of the escaping ions generated in the HFS region. Fig  10 depicts the birth points of loss particles versus their exit time. Fast ions generated in the HFS region start to hit the PFC a hundred micro-seconds after the generation when the RMP is applied while fast ions generated in the region escaped after they traveled for 0.1s without the RMP. In addition, the ratio of such ions to the loss is much small in the case without RMP field. In Fig. 11 , the characteristics of the particles gnerated in the HFS are discussed on the phase space of ⌢ P ϕ versus R tip / R axis . The green dots represent the points when the paticles exited and the blue dots represent when they were generated. The Fig 11 (I) implies the co-passing fast ions are well confined and slowed down. During the slowing-down, many ions can change their pitch angle and some of them start to draw a banana orbit. Then, part of the banana particles are ejected since their turning point is sensitive to the magnetic perturbation. We consider this is a natural loss mechnism for the fast ions gnerated as co-passing ions. On the other hand, the Fig 11 (II)-(IV) implies the fast ions were ejected even before they become trapped particles. The loss mechanism can not be due to the change in the orbit category from co-passing orbit to a large banana orbit, so-called a potato orbit, induced by the magnetic perturbation. It is considered that the stochastic magnetic field itself induced by the RMP is the direct reason of this prompt loss.
In Fig 12, the orbit of one of escaping ions generated in the region are plotted for the case (II) in the phase space of (R f , Z f ), ( R tip / R axis , ⌢ P ϕ ). We can see the particle drifted outward in a few poloidal circulation and hit the limiter. This corresponds to the vertical motion in the space of ( R tip / R axis , ⌢ P ϕ ). Due to the stocastic modification of magnetic field, the canonical toroidal angular momentum is no longer a good conserved quantity. The dotted curve in Figs 12 (b) represnts the loss boundary due to limiter alone for the fast partice of E= 90keV. We can observe the pariticle moves toward the loss boundary. This is the nature of the prompt loss in the case investigated. In the "classical" prompt loss, the fast ions are generated in the side of loss region beyond the "classical" loss boundary from the begining. But this "classical" interpretation on the two-dimentional representation of ( R tip / R axis , ⌢ P ϕ ) is not useful to determine the prompt loss in the case with manetic perturbation shown here since the canonical toroidal angular momentum is no longer a good conserved quantity. This indicates the importance of the orbit following calcualation using the realistic model of PFC and NBI. On the other hand, we need to note that a key mechanism stems from a low plasma current which induces a large orbit shift as in the present case. The passing particles generated in the core can pass through the stochastic field in the edge in the low field side. Taking into account this point, the prompt loss of fast ions generated in the high-field side can be a charactertistic of conventional machine from the view point of the birth profile and plasma current. Thus, it might need to care about this point when the results on fast ion responses in the conventional machine are tried to be applied to the ITER.
Summary
The fast ion behavior and heat load on the PFCs were compared in various magnetic field in an actual wall geometry using the KSTAR device. The RMP configuration dubbed "the n=1, +90 degrees phase" was studied, in which the ELM suppression was observed in KSTAR. The amplitude of RMP variation is 1.5 to 2 times larger than that of the TF ripple. (Note the TF ripple amplitude is small and about 0.07 % even at the very edge of plasma in the KSTAR.) In this study, the fast ion is generated by a NB injector, whose geometry and other informtion were taken into account in this calculation.
The magnetic field with plasma response effects included was calculated by using a 3D MHD equilibrium calculation code, HINT2 code. Compared with the field in a vacuum approximation, the field calculated by HINT2 code show more clear n=1 structure. The change in magnetic field structure was observed depending on the kinetic plasma profile.
The heat load increased when the RMP field was applied even though the amplitude of magnetic perturbation itself is comparable to that of the TF ripple. This increase was observed in the both cases of the RMP field with and without plasma response effects included. The most loss occured within 1 ms. The heat load distribution changed, responding to the change in the field structure. This response on the heat load distribution suggests the predicition of heat load in the RMP experiments in ITER is not easy since the magnetic field perturbation depends on plasma parameters in a discharge. Any problems could be expected in different plasma conditions. The protection of the non-heat-resistance components under the divertor structure is recommended in ITER. The heat load in the divertor region was not large in the case of KSTAR in contrast to ITER. The most loss particles hit the limiter structure. With the difference of the orbit size between thermal plasma and prompt loss ions, the limiter or an equivalent plasma shape might be another solution to avoid the unpreferable heat load on the non-heat-resistance components in the divertor structure.
The loss of particles generated in the HFS was also observed. The loss mechanism was not due to the change in the orbit category from co-passing orbit to a large banana orbit induced by the magnetic perturbation. The loss mechanism was a prompt loss. The reason of this loss is considered to be the stochastic magnetic field itself induced by the RMP. This is one of interesting results since the co-passing ions are supposed to be well confined and relatively tolerant to the three dimensional magnetic perturbation. But we need to care about handling the result when we tried to apply the result to the ITER since this result might partially stem from the characteristics of midsize machines, namely low plasma current, low plasma density, and low temperature.
In this study, we assumed the kinetic profile due to the lack of the measurement. As was obsrved in this study, the kinetic profile is an important factor to determine the plasma response. The analysis using the measured profile is an important future work. We hope to compare the calculation with the heat load mesurement by infrared caameras or FILD measurements [17] . In the HINT2 code, the effect of the rotation is under development. The effect will be investigated in the future work.
